Effect of Mitomycin C and 6°Co ,t-Irradiation on the Replication of SV40 in Cell Lines of Varying Permissivity for SV40 Replication
(Accepted 5 December I978 ) SUMMARY The effects of mitomycin C and n°Co y-irradiation, which induce production of SV4o from SV4o-transformed hamster cells, on the replication of superinfecting SV4o or virus DNA in cells varying in permissivity for SV4o replication have been examined. These agents enhance replication of SV4o in an uninducible line of SV4o-transformed hamster kidney cells and in nonpermissive secondary hamster kidney cells. The same treatments do not affect SV4o replication in semipermissive hamster (BHK2I) and human (HEL, HEK) cells and inhibit SV4o replication in permissive monkey (TC-7) cells. We conclude that forms of induction treatment, such as mitomycin C or 6°Co y-irradiation, modify the expression of host cell factors which determine the level of permissivity for SV4o infection.
We have described the isolation and characterization of virogenic SV4o-transformed hamster kidney cell clones which differ with respect to inducibility for infectious virus production (Kaplan et al. I975) . Representative clones A, E, and G were found to contain equal numbers of SV4o DNA copies (I to 2 per cell) and the SV4o T antigen. Clones A and E produce small amounts of SV4o spontaneously and after treatment with mitomycin C, u.v. or ~°Co y-irradiation, the amounts of infectious virus synthesized increase to approx. Io 5 to lO 6 p.f.u./IO n cells. Clone G cells are not inducible for infectious virus and no V antigen-positive cells have ever been detected in induced cultures (Rakusanova et al. t978) .
One of the early effects of induction treatment, at least in the one cell line studied (clone E), is the excision of integrated SV4o DNA from cellular DNA (Rakusanova et al. I976) . Subsequently, when replication of SV4o was followed in induced cells of clones A, E and G, it appeared that induction treatments influenced at least two additional steps in virus production, namely the replication of virus DNA and the synthesis of SV4o late proteins (V antigen) [Rakusanova et al. I978] . Virus activation is probably the consequence of several consecutive events in that induction treatment not only increases the availability of virus DNA by promoting excision of the virus genome from its integrated state, but may also modify the permissivity of transformed cells for replication of the virus genome. It appears then that inducing agents could play a role in changing the permissivity of the cell to allow virus expression. Pre-treatment of some cell lines with chemicals such as IdUrd or mitomycin C before infection has been reported to modify the permissiveness for certain viruses such as cytomegalovirus (St Jeor & Rapp, I973) , adenovirus (Jerkofsky & Rapp, I975; Staal & Rowe, I975) or SV4o (Suarez et al. I976; Lavialle et al. 1977) .
In previous studies (Rakusanova et al. I978) , it was difficult to differentiate between the effects of induction treatments on the excision of SV4o DNA from their effects on later stages of virus replication. The effect of induction treatments on the replication of superinfecting exogenous SV4o in a number of cell types including SV4o-transformed and untransformed nonpermissive, semipermissive and permissive cells has therefore been investigated. Short communications Rakusanova et aL (1978) .
t Confluent cultures were exposed to mitomycin C (Nutritional Biochemical Co.) for 3 h at 37 °C (final concentration 2 ~g/ml) either immediately preceding infection or following the virus adsorption period.
:[: Percentage of V antigen synthesizing cells was determined by indirect immunofluorescence. Cells were fixed 48 h p.i. Between 2ooo and 1o0oo cells were scanned.
§ 96 h p.i. II No significant increase was observed in the amount of virus detected at 96 h over the input inoculum (as determined at 2 and 24 h p.i.).
Replication of suPerinfecting exogenous SV4o was first examined in clone G, an uninducible SV4o transformed cell line, after exposure to mitomycin C. Cultures were infected either with SV4o (m.o.i. = Io p.f.u./cell) or SV4o DNA (m.o.i. = t p.f.u./cell). Infected and mock-infected cultures were exposed to mitomycin C (2 #g/ml for 3 h) either just before or following the virus adsorption period. In cultures infected with SV4o, V antigenpositive cells were detected by indirect immunofluorescence as described (Rakusanova et al. r978 ) and yields of infectious virus were determined by plaque assay (Kaplan et al. I975) . As shown in Table I , no V antigen-positive cells were found in cultures treated with mitomycin C alone. We were also unable to detect V antigen-positive cells in infected, untreated cultures. In contrast, all cultures which were infected with either SV4o virus or SV4o DNA and also treated with mitomycin C contained V antigen-positive cells in small, but easily measurable numbers. A limited amount of SV4o replication, up to Io 3 p.f.u./Io ~ cells, took place in cultures infected with SV4o DNA even in the absence of mitomycin C. The virus produced appeared to result from SV4o replication since infectious virus detected 96 h p.i. was resistant to DNase whereas the infectivity of the inoculum SV4o virus DNA was DNase sensitive. In mitomycin C-treated, SV4o DNA-infected cultures, virus yields were increased 40-to zooo-fold.
To ascertain whether other induction treatments had similar enhancing effects on SV4o replication, clone G cells were exposed to increasing doses of 6°Co y-irradiation after superinfection with either SV4o or SV4o DNA. Clone G cells were infected either with SV4o (m.o.i. = Jo p.f.u./cell) or with SV4o DNA (m.o.i. = I p.f.u./cell) and exposed to increasing doses of y-irradiation administered either 2 h before or z h after initiation of infection. The proportion of cells replicating SV4o DNA was measured by in situ hybridization (Rakusanova et al. I978) and SV4o V antigen-positive cells were detected by indirect immunofluorescence 48 h p.i. Infectious SV4o virus yields were assayed 96 h p.i. of cultures with SV4o DNA. As shown in Fig. I , it is apparent that replication of superinfecting SV4o is enhanced by y-irradiation and that the effect is dose-dependent. Similar results were obtained whether the cells were exposed to y-irradiation 2 h before or after infection. The percentage of both SV4o DNA synthesizing cells and V antigen-positive cells was very low even after high doses of y-irradiation. Replication of SV4o DNA was enhanced by lower doses of y-irradiation than were necessary to induce SV4o V antigen synthesis and the proportion of V antigen positive cells was less than the number of SV4o DNA synthesizing cells. This pattern was very similar to that seen when inducible clone E cells were exposed to y-irradiation. Although fewer than 1% of induced cells contained V antigen, the number of SV4o DNA synthesizing cells was 5-to I4-fold higher than the number of V antigenpositive cells (Rakusanova et al. I978) .
It was not possible to determine the length of time the state of increased permissivity persisted in y-irradiated cultures since the doses of y-irradiation required for the experiment were so toxic to the cells that longer time intervals could not be followed. However, using u.v.-irradiation, which induces infectious virus at doses which are less toxic to the cells (Kaplan et aL 1975) , it was observed that the state of increased permissiveness in SV4o infected clone G cultures, as determined by V antigen formation, persisted if u.v.-irradiation (dose Io J/me,dose rate o.5 J/m2/s) was administered between48 h before infection and 24 h after infection with SV4o (data not shown). If longer time periods elapsed between u.v.-irradiation and infection, or between infection and irradiation, no V antigen-positive cells could be identified.
In these experiments we have established that induction treatments have direct effects on virus replication in SV4o-transformed hamster kidney cells. Since mitomycin C is the most effective inducing agent (Kaplan et al. I975) and also enhances replication of superinfecting SV4o in clone G cells, we examined its effect on SV4o replication in a number of different untransformed cell types, either nonpermissive or semipermissive for SV4o replication; secondary weanling hamster kidney cells; baby hamster kidney (BHK2 I) cells (Kaplan et al. I975) ; human embryonic kidney cells (HEK, passage 3, Microbiological Associates, Bethesda, Md.), and human embryonic lung cells (HEL, passage I4, Fow Labs, Rockville, Md.). By nonpermissiveness, we imply that no virus replication was detected after infection with SV4o DNA (m.o.i. = I p.f.u./cell)-secondary weanling hamster kidney cells. Semipermissiveness means that infectious SV4o virus yields after infection with SV4o DNA (m.o.i. = I p.f.u./cell) were several logs lower than in permissive monkey (TC-7) cells (yield IO 8 p.f.u./io 6 cells). This varied from BHK2I cells (yield Io 1 to Io z p.f.u./IO e cells) to the human cell lines (yield IO ~ to IO 6 p.f.u./Io 6 cells).
The conditions of mitomycin C treatment were identical to those described above for clone G cells. Infection with both SV4o (m.o.i. = Io p.f.u./cell) and SV4o DNA (m.o.i. = I p.f.u./cell) was carried out. We did not observe any effect of mitomycin C treatment on SV4o replication in any of these cell lines with the exception of secondary hamster kidney cells. In cultures of these cells, which were both infected with SV4o DNA and treated with mitomycin C, up to 7 x io 2 p.f.u./io 6 cells were detected. Infection of ceils with SV4o DNA alone never led to the production of infectious virus. Apparently, mitomycin C treatment enhances SV4o replication only in certain cell types and has no effect in others.
It was of interest to determine the effect of various forms of induction treatment on the replication of SV4o in permissive cells. We had determined that doses of y-irradiation (25ooo rad) which induced SV4o production in SV4o-transformed hamster kidney cells, inhibited SV4o replication in monkey (TC-7) cells, when administered 2 h p.i. (Rakusanova et al. I978) . In addition, even low doses of y-irradiation (I 5oo rads, administered 2 h before or 2 h after initiation of infection) inhibited the production of infectious virus in SV4o infected TC-7 cells by approx. Ioo-fold. Furthermore, mitomycin C (2 #g/ml), when administered as described above for clone G ceils, led to a 3-to 4o-fold reduction of virus yield in SV4o infected TC-7 cells. Thus, both these inducing agents apparently inhibit the replication of SV4o in permissive cells. Suarez et aL (~977) reported that another agent, IdUrd, which enhanced SV4o replication in semipermissive Chinese hamster kidney cells, also enhanced SV4o replication in permissive monkey cells, if the cultures were either infected at low multiplicity (o.1 p.f.u./ceU) or were incubated at low temperatures (33 °C) after infection. We therefore re-examined the effect of mitomycin C treatment on SV4o replication in TC-7 ceils infected at varying multiplicities of infection (o.I, I.o or Io p.f.u./cell) or incubated at 33 °C after infection. When infectious SV4o virus yields were compared at 48 and 72 h p.i. a generalized inhibition of SV4o replication (2-to Io-fold) was observed in all groups (data not shown). Thus, some treatments (IdUrd) are capable of enhancing SV4o replication in both semipermissive and permissive cells (Suarez et al. I976, I977) , whereas treatments such as mitomycin C and 6°Co y-irradiation stimulate SV4o replication in some cell lines, but inhibit it in others (permissive monkey cells).
In this communication, we have presented further evidence that one of the effects of induction treatment is to change the host cellular capacity to support replication of SV4o. We have observed that treatment with mitomycin C or 6°Co y-irradiation stimulates SV4o replication in uninducible SV4o-transformed hamster kidney cells and has minimal enhancing effects on SV4o replication in nonpermissive secondary hamster kidney cell cultures. In untransformed, semipermissive cells (BHKzI, HEK or HEL cells), exposure to these agents does not affect SV4o replication in infected cells. In permissive monkey cells (TC-7), these agents decrease SV4o replication. These results are compatible with a model in which non-permissive cells either contain inhibitors of virus replication or lack factors which are necessary for virus synthesis. The expression of inhibitory or helper functions in cells can be modified by exposure to agents such as mitomycin C, ~°Co y-or u.v.-irradiation, which either enhance or inhibit virus replication depending on the type of host cell infected.
